All photosynthetic organisms rely on light-harvesting antenna systems to maximize the flux of excitation energy at the photochemical reaction centers. Efficient photochemistry relies on the fact that the excitation energy transfer (EET) through the exciton network occurs on a much shorter timescale than the excitation lifetime. Light-harvesting complex II, the most abundant pigmentprotein complex in the biosphere, 1, 2 is the major light-harvesting antenna complex in plants and green algae. The relatively rigid protein structure of LHCII 3, 4 ensures fine-tuned localization and environment of the noncovalently bound pigment molecules -chlorophyll (Chl) a and b and xanthophylls. The EET dynamics in LHCII has been studied extensively over the past decades using various time-resolved spectroscopic techniques and modelling approaches. 1 Yet, despite the wealth of literature data, there is no complete consensus on the dynamics and pathways of EET, particularly in the equilibration process in the manifold of Chl a exciton states. Upon photoexcitation, due to the narrow spread in energy of the manifold of Chl a exciton states, significant uphill and downhill EET will occur concurrently, leading eventually to a dynamic thermal equilibrium. A wide range of lifetimes for this equilibration process have been reported for LHCII monomers and trimers. At temperatures of 77 K or lower, excitation on the blue side of the Qy band of Chl a is followed by downhill EET with time constants from hundreds of femtoseconds to about 20 ps. [5] [6] [7] [8] At physiological temperatures, 5-7 ps lifetime components assigned to Chl a exciton equilibration have been observed by transient absorption [9] [10] [11] , fluorescence 12 and three-pulse photon echo. 13, 14 However, significantly longer lifetimes, in the range of tens of picoseconds and more, have also been reported. 9, 15, 16 The slowest lifetimes have been assigned to one Chl a pigment absorbing in the region of 665-670 nm. 7, 17 This has been referred to as the bottleneck state and, in agreement with structure-based modelling, assigned to Chl a 604 17, 18 in the crystal structure of Liu et al. 19 The assignment has been challenged by more recent modelling 20 that incidentally also predicts slow Chl a -Chl a equilibration lifetimes in the tens of picoseconds region. 21 Thus, at present neither the timescales nor the molecular pathways of exciton equilibration in the Chl a domain are unambiguously established. Two-dimensional coherent electronic spectroscopy (2DES) has advantages over conventional pump-probe by providing separate spectral information of donor and acceptor molecules participating in EET. 22, 23 2DES has been used to examine kinetics and pathways of EET from Chl b to Chl a in isolated, detergent-solubilized LHCII at low temperature 17, 24 and recently at physiological temperature. [25] [26] [27] [28] In order to clearly observe such dynamics, purely absorptive 2D spectra need to be obtained and analyzed without compromising the spectral resolution and precision, time range, or dynamic range (signal-to-noise ratio). There are several sources of artefacts that complicate the analysis. One source may be inaccurate 'phasing', typically associated with 2DES based on the boxcar geometry approach, where two separate sets of data (rephasing and non-rephasing) are summed to generate the purely absorptive 2D spectra. Slight inaccuracy in determining the relative time delays of these two sets of data will produce distortions to the 2D peak shapes that may then be falsely assigned to non-existing processes. 29 Other potential artefacts arise from multiphoton processes, primarily singlet-singlet annihilation, which occurs when multiple excitations are present in the same LHCII complex 30 and can seriously distort the excitedstate kinetics.
With the above limitations in mind, we performed 2DES experiments aiming to resolve the room-temperature dynamics of exciton equilibration in the Chl a manifold in LHCII trimers, with excitation pulses centered at 675 nm, covering the Chl a absorption band (Supporting Figure S1 ).
One major advantage of our current 2DES technique using a pulse-shaper assisted pump-probe geometry as compared to the more conventional boxcar geometry is that the measured 2D spectra are automatically purely absorptive. 31, 32 No phasing is therefore necessary and the ambiguity of whether the peak shapes are distorted is not an issue. To avoid singlet-singlet annihilation, we used excitation pulse energies low enough to virtually eliminate the possibility for multiple simultaneous excitations in the complexes. In addition, the first two excitation pulses were planepolarized at the magic angle relative to the third interaction pulses to measure only the population dynamics of the system. The data are also of sufficiently high dynamic range to perform global multicomponent kinetic analysis to obtain quantitative values for the energy equilibration dynamics. Representative 2D spectra for selected waiting times Tw are plotted in Figure 1 . A spectrum at coordinates (λ1, λ3) reflects the conditional differential absorption detected at wavelength λ3 after excitation at λ1. The negative signal at detection wavelengths above 660 nm is contributed mainly by ground state bleaching (GSB) and stimulated emission (SE) from the first singlet excited state of Chl a. The appearance of cross peaks in the 2D spectra mainly reflects redistribution of excitation energy (EET) during the waiting time Tw. Because of preferentially downhill EET, the signal gradually red shifts. If the system of coupled chromophores has reached a thermally equilibrated state, the signal becomes independent of excitation wavelength (Figure 1f) . Thus, we can conclude that, firstly, part of the excitations from higher-energy Chl a are transferred to lowerenergy states within 150 fs (Figure 1a ) and, secondly, by noticing that there is no change between 2D spectra at Tw = 12.5 and Tw = 32 ps (Figure 1c At physiological temperatures, the energy gaps between several exciton states in LHCII are within the thermal energy (the Boltzmann term kT spans about 10 nm in this region); for the equilibration process, both forward (downhill) and reverse (uphill) EET are expected to occur. 13, 28 This is clearly seen in Figure 2 , which shows the Tw dependence of the 2D signal amplitude at the high-energy (665 nm) and low-energy side (685 nm) of the Qy absorption band. In Figure 2a ( Figure 2b ) we see the spectrum peak gradually red shifts (blue shifts) with increasing Tw due to downhill (uphill) EET. The peak position in both Figure 2a ,b converges to 679 nm by ~10 ps. Furthermore, following the overall signal amplitude as the spectral evolution progresses ( Figure   2 ), it can also be concluded that low-energy Chl a states (at detection wavelengths near 680 nm) have larger dipole strength, i.e. they are superradiant. This is likely because the states are delocalized over excitonically coupled pigments with favorably oriented transition dipole moments. 33 The observation is in agreement with the nonlinear polarized fluorescence study of Schubert et al. 34 who estimated that the emitting state in LHCII is superradiant, having 2-fold larger dipole strength compared to monomeric Chl.
We performed global analysis (see Supporting Methods) on the 2D spectra at Tw from 100 fs to 300 ps to obtain a quantitative estimation of the spectral equilibration kinetics. Three 2D decayassociated spectra (2D DAS) with lifetimes 0.54 ps, 4.7 ps, and 3.2 ns were necessary and sufficient to obtain a good fit (Figure 3 ). The errors in the first two lifetimes did not exceed 30%
in repeated experiments, but were larger (up to 160%) for the final lifetime as it is beyond the measurement range.
Negative and positive amplitudes indicate decay and rise of GSB/SE signal, respectively.
Positive amplitudes can also represent decay of excited-state absorption (ESA). EET is identified as a negative diagonal peak (λ1 = λ3) at the absorption wavelength of the donor spectral form and a positive peak at λ1 matching the donor and λ3 matching the acceptor. For reversible EET in the equilibration dynamics, two antisymmetric positive/negative pairs are observed in the 2D DAS.
The downhill (uphill) EET produces a cross-peak above (below) the diagonal, at λ3 > λ1 (λ3 < λ1).
In a recent paper Duan et al. 28 have reported such above-/below-diagonal 2D DAS cross-peaks, which they attributed to EET between Chl a and b occurring on a timescale of 1.1 ps. We note that, although the forward and reverse EET rates may be different, depending on the energy gap and the size of the pools, the observable spectral changes always occur with the same equilibration rate (timescale). This relationship makes the 2D DAS a powerful means to identify EET pathways.
Here, antisymmetrically positioned positive/negative peaks are evident in the first two 2D DAS ( Figure 3) ; the latter one (4.7 ps) shows reversible EET between 667 nm and 680 nm spectral forms. The shape of this 2D DAS is reminiscent of the 1.1 ps 2D DAS reported by Duan et al. 28 The amplitude ratio of the 667→680 nm and the 680→667 nm cross-peaks, after adjustment for the excitation pulse spectrum, reflects the forward/reverse rate constant ratio. 28 Thus, we have clearly resolved and characterized the bidirectional thermodynamic equilibration between Chl a excited states coupled by reversible EET. Whereas the 4.7 ps 2D DAS appears to involve a single pathway between two Chl pools, the 0.54 ps component features more than one EET pathway with a major contribution from spectral forms lying in the middle of the Chl a region (672-675 nm).
This faster equilibration component was not observed by Duan et al. 28 The final 2D DAS (3.2 ns) does not describe any EET -the spectral shape is the same at any excitation wavelength and features a main negative GSB/SE peak and a small valued positive band at λ3 < 660 nm attributed to ESA. The DAS represents decay of the completely equilibrated state and is consistent with the documented excited-state lifetime of LHCII. 35, 36 While the measured lifetimes for the equilibration dynamics (0.54 ps and 4.7 ps) are in good agreement with numerous previous studies, we do not observe any slower spectral equilibration processes. We contend that lifetimes in the range of 10-20 ps observed previously 9, 15, 16, 26 are contributed by singlet-singlet annihilation, which is often evident because of the non-conservative shape of the DAS, indicating excitation decay rather than EET, and has been acknowledged in earlier works as discussed by Connelly et al.
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Lending further support to this conclusion, we have performed experiments at different pulse energies to show the onset of annihilation contributions with increasing excitation rate (Supporting Figure S2) . At higher pulse energies (10 nJ), the kinetics became non-exponential and an additional lifetime component was necessary to fit the data (17.6 ps, Supporting Figure S3 ). Crucially, if we normalized the 2D spectra to the total integrated intensity at every delay time, thus eliminating the decay, global analysis resulted in only two components with lifetimes and 2D DAS very similar to the annihilation-free data (cf. Figure   3 and Supporting Figure S4 ). Further increasing the excitation rate results in progressively faster annihilation kinetics distorting the exciton equilibration components. 26 To validate the interpretation of the 2D DAS and reveal the spectral identities of the EET species, we simulated the 2D spectra with a phenomenological model consisting of four exciton states, or pools, connected by reversible (Boltzmann-factored) EET, as depicted in Figure 4 (a brief description of the theory is given in Supporting Methods). The kinetic system, solved analytically, has three EET lifetimes -0.46 ps, 0.58 ps and 4.8 ps. The first two lifetimes, contributed by EET steps 1→2 (663→667 nm) and 3→4 (673→680 nm), are of similar value and the kinetics can be described well by a single 0.53 ps 2D DAS (Figure 4c) . The 4.8 ps lifetime (Figure 4d ) is due to the slow 2→4 transfer, i.e. equilibration between the 663/667 nm pool and the 673/680 nm pool.
The simulated 2D DAS bear close similarity to the experimental 2D DAS (Figure 3a,c) , in terms of cross-peak positions and relative amplitudes. A model incorporating more states with structure-based constraints on the rates and energy levels, 16, 18, 21, 28 would be necessary to simulate finer details in the experimental data. We can conclude that spectral equilibration in LHCII is kinetically limited by EET occurring on a 5 ps timescale between two Chl a pools. The participating spectral forms (667 nm, 680 nm) can be unambiguously resolved in the 2D spectra, especially owing to the capability of 2DES to follow simultaneously energetically uphill and downhill EET. It is reasonable to assume, in accordance with other works, that the longer lifetime represents EET from the luminal side of the complex to the lower-energy Chls on the stromal side (Chl a 613/614 to 610/611/612 19 ). Faster EET processes on sub-ps timescale probably represent equilibration within the luminal and stromal Chl a pools.
We estimate that the slow equilibration time has up to 40% contribution to the kinetics, whereas 
EXPERIMENTAL METHODS
Trimeric LHCII samples were isolated according to the procedures given in Caffari et al. For 2DES, LHCII samples were diluted in degassed buffer solution containing 20 mM Tricine (pH 7.8) and 0.03% β-DM to obtain absorption of 0.33 at the excitation wavelength (675 nm), in a 1 mm optical cell. In this regime, due to propagation effects, there will be slight broadening of the 2D peakshapes along the detection wavelength. 40 During the 2DES experiments the sample was passed through a flow cell and continuously refreshed.
Fourier-transform femtosecond 2DES was performed in a partially collinear "pump-probe" geometry. 31, 41 The first two interaction pulses (excitation pulses) were tuned to a central wavelength of 675 nm with 18 nm bandwidth, matching the Qy absorption band of Chl a in LHCII, 45 fs temporal width and energy of 0.5-0.8 nJ per pulse. An acousto-optic programmable dispersive filter pulse shaper 42 (Dazzler, Fastlite) was used to scan the coherence time delay t1 from 0 to 150 fs with 3 fs increments in a 1×2 phase-cycling scheme. 31, 41 White-light supercontinuum generated in a 2 mm sapphire window was used as the third interaction pulse (probe). The probe light was plane-polarized at the magic angle (54.7°) with respect to the polarization of the excitation pulses. The time delay between the second excitation pulse and the probe pulse (population waiting time Tw) was varied from −0.3 ps to 600 ps in a logarithmic progression. 
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